The cyclopropanation of various alkenes with different diazoester compounds was investigated using two different µ-oxo-bis [(salen) t BDA), and ethyl diazoacetoacetate (EDAA) were used with mono-and disubstituted terminal olefins (styrene and 1,1-diphenyl ethylene, respectively), internal olefin (trans-β-methyl styrene), and an electron-rich alkene (n-butyl vinyl ether). Moderate-to-good cyclopropanation yields were obtained for most substrates.
INTRODUCTION
In recent years, the versatility of the cyclopropyl fragment has received considerable importance due to its wide applicability in chemistry and biochemistry, ranging from critical synthetic intermediates and natural products, to being used in the production of insecticides and modern pharmaceuticals [1] [2] [3] [4] . Many methods have been developed for the preparation of compounds containing the cyclopropyl moiety, but the most facile synthesis is the metal-mediated cycloaddition of a carbene fragment to an olefin, the olefin cyclopropanation reaction. Numerous metal complexes have been utilized either as stoichiometric metal carbene transfer reagents [5] or as catalysts [3, 6] . Iron in particular has been an effective metal in both stoichiometric [5, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and catalytic [17] [18] [19] [20] olefin cyclopropanation reactions.
Among the first iron-based cyclopropanation catalysts was the Lewis acid complex [CpFe(CO) 2 (THF)](BF 4 ), which was effective for various olefins with ethyl diazoacetate (EDA) or phenyl diazoacetate, as reported by Hossain's group [17, 21, 22] . Woo, Kodadek, and coworkers utilized various iron(II) and iron(III) porphyrins for olefin cyclopropanation initially with just EDA as the carbene source [18] . A follow-up study showed the application of various other bulky aryl diazo compounds, such as p-tolyldiazomethane, mesityldiazomethane, and trimethylsilyldiazomethane, with various porphyrins and related tetradentate iron(II) catalysts [19] . Another class of iron catalysts included the tri-dentate iron(III) and iron(IV) corroles, which catalyzed the cyclopropanation of styrene with EDA and a camphorsulfonic acid-derived carbenoid [20, 23] . Generally, all of these reactions had to be carried under an inert atmosphere.
Recently, we reported the successful olefin cyclopropanation with EDA as the carbene source, catalyzed by several µ-oxo-bis[(salen)iron(III)] complexes (eq. 1) [24] . This system did not require an inert atmosphere, which made it a convenient and facile route to obtain cyclopropanes. Our catalysts were synthesized from a variety of salen ligands following a literature procedure for the preparation of 
RESULTS AND DISCUSSION
In a typical reaction, the catalyst (5 mol%) and the olefin (5 equiv) were dissolved in benzene (2 or 5 ml, depending on the scale of the diazo precursor, vide infra) in a 25-ml, two-neck round-bottom flask equipped with a water-cooled reflux condenser and a magnetic stirbar. A benzene (2 ml) solution containing the diazo compound (0.56 mmol for EDA and t BDA or 0.32 mmol for EDAA) and a gas chromatography internal standard was then slowly added to the reaction over 30 min via a syringe pump. After complete addition of the reagents, the flask was immersed in a preheated oil bath and allowed to reflux. Aliquots (0.2 ml) were periodically taken, passed through a silica gel plug (2.5 × 0.8 cm) to remove the catalyst, rinsed with CH 2 Cl 2 (10-20 ml), and the combined eluents were analyzed using gas chromatography.
The two different catalysts chosen for this study included [Fe(3,3′,5,5′- Varying the alkyl group on the diazo ester from ethyl to tert-butyl, in the case of EDA and t BDA, respectively, affected the yields and diastereoselectivities tremendously. With all the electron-poor olefins, it was observed that the less bulky EDA gave higher final yields (cf. 75 vs. 57 % for [Fe(salen)] 2 O in the case of styrene). For DPE and trans-β-methyl styrene, the reaction with t BDA both required longer time and afforded lower yield. However, for the electron-rich nBVE, we observed that the use of t BDA resulted in higher yields over a longer period of time. Curiously, in the first 22 h of the reaction with t BDA, only about 5 % yields of the cyclopropane were obtained with both catalysts (data not shown in Table 1 ), and most of the catalytic activities observed for this combination of reagents were the result of longer reaction time. Having a bulkier carbene source, however, induced higher diastereoselectivity in favor of the trans cyclopropane. This was expected as the trans configuration results in the least steric repulsion around the cyclopropyl framework.
In the presence of the commercially available and highly functionalized carbene source ethyl diazoacetoacetate (EDAA), both the substituted and unsubstituted catalysts were able to cyclopropanate all the olefins that we studied, albeit with variable yields. In general, the more substituted carbene source EDAA gave lower cyclopropane yields than either EDA or t BDA. Trans-β-methyl styrene gave trace amounts of the cyclopropane products under the catalytic conditions. Interestingly, both Rh 2 (OAc) 4 and [Cu(OTf)] 2 ؒC 6 H 6 did not work with EDAA. In our hands, when Rh 2 (OAc) 4 was used to cyclopropanate styrene and [Cu(OTf)] 2 ؒC 6 H 6 was used to catalyze the cyclopropanation of DPE, both with EDAA as the carbene source, very little or no cyclopropane product was observed even after three days. That both rhodium and copper complexes, which are known to be very efficient cyclopropanation catalysts, do not work with EDAA makes the catalytic activity of our complexes noteworthy.
Preliminary studies of styrene cyclopropanation with other noncommercial diazo compounds showed considerable success using our [Fe(salen)] 2 O catalysts. [Fe(3,3′,5,5′-t Bu 4 salen)] 2 O could efficiently catalyze the transfer of the carbene from phenyl diazomethane and diphenyl diazomethane. However, no cyclopropanation product was observed when the bulky ethyl diazomalonate was used to cyclopropanate styrene. The steric bulk of this carbene source might impede the ability of this compound to approach the metal center.
CONCLUSIONS
To summarize, our study of various commercially available diazo compounds showed that they can successfully cyclopropanate a variety of olefins when catalyzed by µ-oxo-bis[(salen)iron(III)] complexes. In the case of EDAA, to the best of our knowledge no literature precedence existed for catalytic olefin cyclopropanation with iron catalysts. Moderate-to-good cyclopropanation yields were obtained for terminal olefins while even difficult internal olefins, such as trans-β-methyl styrene [26] , could be cyclopropanated. Moreover, the degree of synthetic tunability of the µ-oxo-bis[(salen)iron(III)] catalysts, their ease of synthesis and handling, and the simple reaction conditions make this an attractive catalyst system for olefin cyclopropanation.
